Using the intrinsic Root Coordinate System (iRoCS) Toolbox, a digital atlas at cellular resolution has been constructed for Nicotiana tabacum roots. Mitotic cells and cells labeled for DNA replication with 5-ethynyl-2 0 -deoxyuridine (EdU) were mapped. The results demonstrate that iRoCS analysis can be applied to roots that are thicker than those of Arabidopsis thaliana without histological sectioning. A three-dimensional (3-D) analysis of the root tip showed that tobacco roots undergo several irregular periclinal and tangential divisions. Irrespective of cell type, rapid cell elongation starts at the same distance from the quiescent center, however, boundaries between cell proliferation and transition domains are cell-type specific. The data support the existence of a transition domain in tobacco roots. Cell endoreduplication starts in the transition domain and continues into the elongation zone. The tobacco root map was subsequently used to analyse root organization changes caused by the inducible expression of the Agrobacterium 6b oncogene. In tobacco roots that express the 6b gene, the root apical meristem was shorter and radial cell growth was reduced, but the mitotic and DNA replication indexes were not affected. The epidermis of 6b-expressing roots produced less files and underwent abnormal periclinal divisions. The periclinal division leading to mature endodermis and cortex3 cell files was delayed. These findings define additional targets for future studies on the mode of action of the Agrobacterium 6b oncogene.
INTRODUCTION
Although Arabidopsis is an important plant model, other species are also used frequently in plant biology. Among these, Nicotiana tabacum occupies a special place, because of its long history in experimental plant biology and its excellent regeneration capabilities and the tobacco BY-2 cell suspension system has been used for studying the cell cycle (Nagata et al., 1992) . Other Nicotiana species, such as N. benthamiana (van der Hoorn et al., 2000) and N. plumbaginifolia (Traas et al., 1995) , are also used as model systems. Numerous studies on the roots of tobacco (starting with Avery, 1933) have yielded important information on the hormonal and nutritional factors that influence rate of growth, branching patterns, the uptake and release of different molecules into the medium, and transport to and from the shoots via the root vascular system (Geigenberger et al., 1996; Imlau et al., 1999) . Tobacco roots have also been used to investigate growth abnormalities induced by root-modifying organisms such as arbuscular mycorrhizae (MoralesRayas et al., 2011; Cosme et al., 2016) or Agrobacterium (Schm€ ulling et al., 1988; Spano et al., 1988; Tinland et al., 1990; Shanks and Morgan, 1999; Gr emillon et al., 2004; Cl ement et al., 2007; Georgiev et al., 2007; Tian, 2015) . However, as a precise description of tobacco root structure is still lacking, it has so far been difficult to relate overall root growth changes to local changes in cellular processes such as DNA synthesis, mitosis, cell differentiation and tissue organization.
The root apical meristem contains a small group of cells with a very slow cell cycle, the quiescent center (QC, Clowes, 1950 Clowes, , 1956 Dolan et al., 1993; Dinneny and Benfey, 2008) . At its periphery, the QC is surrounded by four types of initials (stem cells): the root cap columella initials, the epidermis/peripheral root cap initials, the cortex/endodermis (ground tissue) initials and the vascular cylinder (pericycle and vascular tissue) initials. The initials form three layers or tiers: the lower tier (forming the root cap, columella and epidermal cells), the middle tier (ground tissue), and upper tier (vascular cylinder). Root apical meristems (RAM) have been classified into different types. The primary roots of Arabidopsis (for a general overview see Scheres et al., 2002) and tobacco (Avery, 1933) belong to the closed type (von Guttenberg, 1960 (von Guttenberg, , 1964 Clowes, 1981) with different initials for the root cap and root body. The growing part of the root can be divided into different longitudinal zones or domains. As there is no standard terminology for these zones we will adopt here the proposal of Ivanov and Dubrovsky (Ivanov and Dubrovsky, 2013; Pacheco-Escobedo et al., 2016) . They distinguished a proliferation domain (PD) where most of the mitoses occur, a transition domain (TD) with endoreduplication, few mitoses and little elongation (Baluska et al., 1996; Hayashi et al., 2013) , and a cell elongation zone (EZ). The PD and TD form the RAM. A differentiation zone (DZ) starts at the end of the EZ where root hair bulges appear (Dolan et al., 1993) . Endoreduplication is probably involved in cell expansion and differentiation, and may be coupled to the elongation step, but the precise mechanism is not clear (Traas et al., 1998; Joubes and Chevalier, 2000) . Other authors divide the root tip in a meristematic zone, EZ and DZ (Huang and Schiefelbein, 2015) . The growth of the root involves a complex program of periclinal, longitudinal anticlinal (tangential) and transverse anticlinal divisions followed by differentiation. Divisions can be symmetrical or asymmetrical, generating identical or different daughter cells respectively (Abrash and Bergmann, 2009) . Little is known about the mechanisms directing the orientation of the spindle. The RAM can develop autonomously as shown by studies with excised root apices (Robbins, 1922; White, 1934; Smith and Murashige, 1970) . Quantification and location of the RAM cell populations and their kinetics is important to understand the mechanism of root growth (MacLeod and McLachlan, 1974; Webster and MacLeod, 1980; Dolan et al., 1993; Pacheco-Escobedo et al., 2016) . The RAM structure has been studied using histological sections (Esau, 1943; Williams, 1947; MacLeod and McLachlan, 1974; Torrey and Feldman, 1977; Dolan et al., 1993; Berger et al., 1998; Baum et al., 2002) and more recently by confocal microscopy (Scheres et al., 2002; Pacheco-Escobedo et al., 2016) . RAM structures vary with the developmental state of the plant, and can be influenced by external factors such as light or medium composition (Richardson, 1953; Rost and Baum, 1988; Baum et al., 2002; Rost, 2011) . The cortex/endodermis tier appears to be the most variable (Baum et al., 2002) . The endodermis acts like a cambium and can generate more cortex layers by periclinal divisions (Williams, 1947; Heimsch, 1960) . Most root studies have been carried out with actively growing primary roots which directly derive from the embryo, but roots can also arise de novo, for example from tobacco leaf explants (Attfield and Evans, 1991) , thin tissue layers of tobacco (Altamura et al., 1991) or from different tissues by induction with rol genes from A. rhizogenes (Nilsson and Olsson, 1997) . Cell cycle studies in roots have been carried out by labeling with 3 H-thymidine or EdU and by the use of cell cycle markers (Torrey and Feldman, 1977; Webster and MacLeod, 1980; Pacheco-Escobedo et al., 2016) . The main limitations of the previous analyses were the lack of complete information about all cell files, the patterns of abnormal divisions, and the precise spatial relationships between the different cylinders. Such information requires the use of 3D digital root maps. Only recently a method has been developed to label and identify individual cells in Arabidopsis thaliana roots, called intrinsic root coordinate system (iRoCS). This method allows the establishment of detailed root maps and the study of cell cycle kinetics using confocal pictures thereby enabling direct and quantitative comparison between root tips at single cell resolution (Schmidt et al., 2014) . We therefore used the iRoCS Toolbox (Schmidt et al., 2014) to obtain detailed cellular maps of primary tobacco roots growing in vitro under standard conditions and determined the spatial patterns of DNA synthesis, cell division, cell elongation and endoreduplication. The high-resolution 3D digital map of tobacco roots was then used to analyse growth changes in the RAM induced by the Agrobacterium oncogene 6b.
RESULTS

Structural analysis of tobacco roots
To obtain a detailed understanding of cellular processes in tobacco roots, cellular features were quantified in the three-dimensional context of cells and cell files of in vitro grown N. tabacum roots, using 5-6 day-old seedlings. We first obtained an overall picture of tobacco root structure using confocal sections and then applied the intrinsic root coordinate system (iRoCS, Schmidt et al., 2014) for analysis of images to generate a tobacco 3D digital root atlas for further reference. Confocal image stacks of N. tabacum cultivar Samsun nn roots were collected using a confocal microscope (Experimental Procedures). Figure S1 shows typical confocal images used for iRoCS analysis. In order to obtain a general overview of the tobacco root structure, we combined 10 sections (combined thickness 9 lm) in different regions. For color-coding of cell types that were common to Arabidopsis and tobacco, we used the iRoCS settings established for Arabidopsis (Schmidt et al., 2014) . Figure 1 (a) shows a cross-section 100 lm behind the center of the distal part of the QC (here called dQC), longitudinal median sections are shown in Figure 1 (c, e). The tobacco root shows several fundamental differences compared to the Arabidopsis root. In tobacco, each epidermal cell file forms root hairs ( Figure S2 ) whereas Arabidopsis epidermal cells consists of trichoblast cells that form root hairs and atrichoblast cells that do not (Dolan et al., 1993) . Whereas Arabidopsis contains only one layer of cortex cells, tobacco has three layers (Figure 1b, d ), here called cortex1 (green), cortex2 (white) and cortex3 (magenta). Interestingly, a study with N. tabacum cv. Cash showed only two cortex layers (Avery, 1933) , possibly indicating cultivar variability or differences in growth conditions. In Arabidopsis, the ground tissue consists of two concentric layers (cylinders), generated by the cortex-endodermis initials (olive): the cortex (green) and endodermis (yellow) layers (Figure 1f ). In contrast, the ground tissue of tobacco roots consists of four cylinders formed by asymmetric periclinal divisions of three types of precursor (P) cells. These are P1 (olive), P2 (purple) and P3 cells (orange) ( Figure 1d, g ). P1 cells give rise to cortex1 and P2 cells, P2 cells to cortex2 and P3 cells and P3 cells to cortex3 and mature endodermis cells. The P1, P2 and P3 cells are generally considered as endodermis cells (Williams, 1947) . On average, tobacco roots contain one P1, two P2 and two P3 cells per cell file (see also below). The P2-derived cortex2, cortex3 and endodermis cells of tobacco remain closely associated and form parallel longitudinal rows appearing as regular "spokes" in cross-sections (Figure 1a, b) . The P1-P2-P3 organization of tobacco roots can also be observed with cell wall-stained median sections showing the inverted T-junctions where cells divide in periclinal fashion (Figure 1e, arrows) . A similar cell pattern was found in roots of Lycopersicon esculentum ( Figure S3 ) another member of the Solanaceae family.
Longitudinal and cross-sections do not allow a full reconstruction of the root structure. This can only be obtained by direct annotation and analysis of reconstructed 3D images without artificial reduction to 2D. By application of iRoCS the coordinates of each cell (or nucleus) are registered enabling different representation formats for simultaneous visualization of all root cells. In order to obtain a full mapping of the tobacco root cells, confocal images of tobacco roots were analysed with the iRoCS Toolbox using composite pictures of unrolled cylinders, each formed by an individual cell layer, and by using radial distances plotted along the longitudinal axis. Nuclei were manually annotated. Unrolled cylinders of the different cell files of the tobacco root are presented in Figure 2 (a).
Analysis of 3D digital maps shows that tobacco roots undergo various irregular divisions. Irregular tangential divisions in the epidermis, cortex1, cortex2, cortex3, endodermis and pericycle lead to a local increase in the number of cell files (Figure 2a , arrows). The cortex2 and cortex3 files, and the cortex3 and endodermis files (derived from the P2 and P3 precursor cells, see above) remain closely associated, as evidenced by the superimposed unrolled cylinders in Figure 2 In Arabidopsis, root development is much more regular although atypical tangential divisions can infrequently be found and asymmetrical periclinal divisions occur at the phloem poles in the endodermis as seedlings become older, creating an additional cell layer, the middle cortex (Baum et al., 2002; Paquette and Benfey, 2005) . Overall, tobacco roots have a larger diameter compared to Arabidopsis, with more cortex files that do not originate directly at the QC. The root structure is more irregular, which can be attributed to irregular tangential and symmetrical periclinal cell divisions in the cortex cell files, the full pattern of which can only be analysed after 3D root reconstruction with a method such as iRoCS.
Zonation of tobacco roots
A particular root cell type will undergo different developmental stages, from its origin by asymmetrical division of a precursor cell up to its fully elongated state. Precise root zonation requires information about the kinetics of cell cycle progression. In the case of Arabidopsis, several marker lines have been used to determine the cell cycle (for example CycB1;1 DB ::GUS or CycB1;1 DB ::GFP marker lines (Colon-Carmona et al., 1999; Hauser and Bauer, 2000) . However, there are no such lines for tobacco or other species so far. To overcome this problem, we used EdU and DAPI labeling. Labeling with EdU allows the imaging of cells that enter the S-phase during the labeling period while DAPI staining allows the detection of mitotic events. EdU-marked cells and cells in mitosis were introduced into iRoCS maps (Figure 4 ).
Unrolled cylinders of the different tobacco root cell types ( Figure 4a ) show three regions: a PD with mitotic cells and EdU-marked cells, a transition domain (TD) with very few mitotic cells but many EdU-marked cells, and an EZ where DNA replication ceases and cells start to elongate. Elongation starts at the same distance from the dQC for all cell types. Cells in the transition domain replicate DNA without further mitosis and are therefore engaged in endoreduplication. The results show that a few mitoses occur in the TD, likewise, a few EdU-labeled cells can be found in the EZ, thus supporting the "fuzzy borders" concept (Ivanov and Dubrovsky, 2013) . Although these plots give an overall view of the different domains, more precise limits were calculated by the mitotic and EdU indexes, as well as by measuring distances between nuclei (reflecting cell elongation) for each root (see Experimental Procedures). For the mitotic and EdU indexes we used the relative amounts of cells in mitosis or marked by EdU relative to the total cell number in 50 lm sections (in %). Typical distributions of mitotic and EdU cell indexes for the epidermis and pericycle (calculated from two typical roots) are shown in Figure 4(b) . It is evident from the graphs that the maximum of the EdU index in the epidermis locates at a much larger distance from the dQC compared to the maximum of the mitotic index. At the same time, the EdU and mitotic index maxima are much closer in the pericycle, suggesting less endoreduplication.
Changes in root organization after induction of the 6b gene
Having defined the location of the individual tobacco root cells in three-dimensional space, we analysed changes in the longitudinal and radial root structure induced by 6b oncogene expression using the iRoCS Toolbox. The 6b T-DNA gene from Agrobacterium was initially defined as a tumor-inducing gene or oncogene (Hooykaas et al., 1988) , because it induces tumors on Nicotiana glauca. However, when expressed in N. tabacum cells, it allows regeneration of plants with highly modified shoot and root growth (Gr emillon et al., 2004; Cl ement et al., 2007) . Tobacco seedlings carrying the dexamethasone-inducible 6b gene from A. vitis strain Tm4 were grown under the standard conditions described above and treated for different times with 4 lM dexamethasone (DEX) to induce 6b expression. Under these conditions, root growth slows down after 60 h , 2006, 2007) . The morphology of normal and 6b roots is shown in Figure S4 (a, b), their growth curves in Figure S4 (c). Growth of 6b roots is fully dependent on external sucrose (Figure S4d-g ). The 6b-induced root growth changes were expected to result from changes at the cellular level that might occur well before macroscopic effects could be observed. In order to analyse these changes, we investigated the proliferation and transition domains and EZs in 6b roots. Tobacco 6b roots were induced for 0, 24 and 48 h (D0, D24 and D48 roots) and confocal images obtained. Cell types were manually annotated, the coordinate system was attached with the iRoCS Toolbox and the results were compared with the earlier established normal tobacco root maps.
Unrolled cylinders for epidermal cells of D0, D24 and D48 roots are shown in Figure 5(a-c) respectively. The mitotic region was reduced from 0 to 500 lm distal to the dQC in D0 roots to about 0-250 lm in D48 roots. The distribution of S-phase nuclei in the epidermal layer of 6b roots was investigated by EdU labeling. In D24 and D48 roots, the region with EdU-marked cells was reduced but still extended beyond the mitotic region as in D0 roots (Figure 5b, c) . Thus, the reduction of the meristematic region in 6b roots is due to a reduction in the number of cell divisions and does not affect the transition domain. Figure 5(d) shows the average cell numbers for the different D0 and D48 root cell types. All cell numbers decreased except for those of the epidermal cells.
Radial growth changes in 6b roots
Apart from longitudinal growth, roots will also undergo radial growth. Radial expansion of tobacco roots can be analysed in cellular detail using iRoCS analysis by representing radial distances of tobacco root cells as a function of distance from the dQC ( Figure S5(a) ). A 6b root analysed after 48 h of 6b gene induction showed a clear reduction in radial distance for each cell type ( Figure S5b ) leading to an overall thinning of the root. Radial expansion of D48 6b roots was reduced by about 25% (Figure 6a-c) . In addition, (a) Unrolled cell cylinders for epidermis, cortex1, cortex2, cortex3, endodermis and pericycle cells. Colors for cell types (circles) as in Figure 1 . EdU-labeled cells are shown as triangles (dark green), mitotic cells as orange squares. In all cell types the EdU-labeled cells extend well beyond the region with mitotic cells. Rapid elongation starts after the region that contains more than 90% of the EdU-labeled cells. Based on the distribution of 90% of the mitotic and EdU-labeled cells, the root can be divided in a proliferation domain (PD), with DNA replication and mitosis), a transition domain (TD, mainly DNA replication) and an elongation zone (EZ). PD/TD borders: blue horizontal lines, TD/EZ borders: red horizontal lines. X-axis: radians (from À3.14 to 3.14), Y-axis: distance from the dQC in lm. 
extra cells appeared by abnormal periclinal divisions of epidermal cells, cells were less regular in size, and the overall root structure became more irregular (Figure 6b ). Our data show that during the first 2 days of 6b gene induction, radial root expansion diminished, the numbers of cells in mitosis and S-phase decreased, cells entered in the endoreduplication and elongation phase at a shorter distance from the dQC, and abnormal periclinal divisions occurred in the epidermis.
The 6b oncogene induces a delay at a specific step in root development
In tobacco roots the ground tissue is generated by periclinal divisions of P1, P2 and P3 precursor cells, followed by expansion (Figure 1d, g ). Since the 6b gene induces considerable changes in the root meristem we reasoned it might be worthwhile to investigate the P1, P2 and P3 division patterns in 6b roots, using the iRoCS Toolbox. Strikingly, D48 roots showed a delay in the periclinal divisions that generate the cortex3 and mature endodermal cylinders, with a significant increase in P3 cell numbers (Figure 7a, orange circles) .
The delay was variable, even between P3 files within the same root, thereby causing a more irregular overall root structure. A median section shows the separation of these delayed P3 cells into mature endodermis and cortex3 cells (Figure 7b, arrows) . No delay was detected for periclinal divisions of P2 cells. Values for P2 and P3 cell numbers for control, D24 and D48 roots are shown in Figure 7 (c). The ground tissue of the root originates from a single precursor cell by multiple steps, comprising two types of processes: the divisions themselves, and the expansion of the daughter cells. A reconstruction of the 18 different steps leading to the final structure of the ground tissue is shown in Figure 7 (d).
Step 15, the asymmetrical periclinal division of P3 cells into cortex3 and mature endodermis cells, is affected by 6b gene activity. Thus, 6b gene activity targets an important step in tobacco root development.
In addition, we compared mitotic and EdU indexes in D0 and D24 roots. The mitotic indexes were 4.66 AE 0.19 and 4.04 AE 0.38 in D0 and D24 roots respectively, the EdU indexes were 32.67 AE 2.55 and 37.74 AE 4.23 respectively. Thus, although ectopic expression of the 6b gene strongly modifies the RAM, it has little effect on the mitotic index and on the EdU-labeling index.
Shift in P3 division is not due to a block in sucrose transport from the shoot It was found earlier that 6b expression favors sucrose retention and accumulation in leaves (Cl ement et al., 2006) and abolishes root growth on medium without sucrose. This suggests that sucrose supply to the roots is completely shut off in 6b seedlings (Cl ement et al., 2007) . Retention of sucrose in the leaves could cause the diminished root hair growth and the reduction in root diameter at early stages. The root mapping data presented here show a reduction in meristem size, and identified a shift of P3 periclinal cell divisions (step 15) towards more basal positions ('P3 delay'). The P3 delay may be caused by the retention of sucrose in the shoot. We therefore investigated periclinal P3 divisions in normal tobacco seedlings growing in the dark on medium with sucrose ( Figure S6a-c) . No P3 delay could be observed making it unlikely that P3 delay in 6b roots is caused by sucrose retention in the shoot. In the presence of sucrose in the medium, 6b roots are able to grow, but strong root modifications are observed, especially after longer periods of culture (Figure S4f) . Sucrose uptake by roots from the medium is greatly stimulated by 6b expression (Cl ement et al., 2007) . In the course of our studies we found that 6b roots accumulate a considerable amount of starch in the epidermis and ground tissue, extending into the most apical part of the root, as early as 24 h after induction of the 6b gene ( Figure S7b, c) . Only little starch is found in normal roots growing on sucrose ( Figure S7a) . Thus, sucrose accumulation in 6b roots is accompanied by strong starch accumulation and may affect the growth of the RAM.
DISCUSSION
The results presented here show that the iRoCS Toolbox computational root analysis pipeline initially developed for Arabidopsis can also be used for larger roots, such as those of tobacco, tomato or Medicago and provide detailed information without histological sectioning. It should be noted that iRoCS analysis is based on features that do not require the use of transgenic lines with marker genes, and Figure 1 . The modification of the division pattern in 6b roots takes place at step 15 (asterisk) where mature endodermis (yellow) and cortex3 (magenta) cells are generated from P3 cells (orange) by a periclinal division. In 6b roots, P3 cells continue to divide by transverse anticlinal divisions and the asymmetrical periclinal division of step 15 is delayed.
can therefore be applied to wild-type plant species, and to genetic variants such as tobacco cultivars or mutants. We developed a detailed 3D digital atlas for tobacco root showing the precise location and identity of all root cells along the longitudinal root axis and cell-specific positions of the key events of the cell cycle, mitosis and DNA replication. Compared with the Arabidopsis root, the tobacco root is about two times larger in diameter and has two additional cell layers (cortex2 and cortex3) originating from the P2 and P3 cells by periclinal divisions. In tobacco, separation of the cortex1, cortex2, cortex3 and endodermis layers takes place with some delay compared with Arabidopsis, due to divisions of the precursor cells. A similar structure is found in tomato. A 3D reconstruction of tobacco roots allowed us to detect irregular additional divisions in the outer cell layers. Epidermis, cortex1, cortex2, cortex3, endodermis and pericycle cells showed symmetric tangential divisions with both daughter cells having the same identity as the parent cell. In the epidermis and endodermis we also detected asymmetric periclinal divisions. The irregular divisions in tobacco lead to a more complex and variable structure than in Arabidopsis. Such irregular divisions might be induced by mechanical stresses arising from division and expansion in other cell layers because plant cells cannot slide along each other.
Based on our maps, the tobacco root tip can be divided into three regions: a PD with DNA replication and mitoses, a transition domain with only slight elongation and high levels of endoreduplication and an EZ with rapid cell elongation and little endoreduplication. Earlier studies in Arabidopsis have suggested similar zonations, based on the location of cells in S-phase. However, these cells were not mapped or otherwise located within the overall root structure (Hayashi et al., 2013) . The iRoCS Toolbox provides a more precise analysis since it is based on full 3D analysis and distinguishes between different cell types. A recent analysis of longitudinal zonation patterns in plant roots also discussed the presence of a transition domain (Ivanov and Dubrovsky, 2013) .
The iRoCS-derived tobacco root maps allowed us to detect several changes in cellular organization upon induction of an inducible Agrobacterium 6b oncogene. Early changes (up to 48 h after induction) consisted of:
1. Shortening of the meristem with shorter mitotic and EdU-labeled regions and correspondingly earlier cell expansion. However, the transition domain with cells undergoing endoreduplication was preserved. At 48 h, 6b roots had only about half as many meristematic cells as normal roots, suggesting that cell files in 6b-expressing roots carried out one division less than normal roots. 2. Thinning of the roots through a general reduction in cell size, with cells rounding off, and a strong reduction of root hair growth.
3.
A variable delay in the asymmetrical periclinal P3 divisions that normally lead to the separation into cortex3 and mature endodermis cells. 4. Reduction of epidermal cell file numbers and abnormal periclinal divisions of the epidermis. All changes combined lead to a more irregular root structure.
Further experiments will be needed to determine the lengths of the different phases of the cell cycle, notably by varying EdU incubation times (Hayashi et al., 2013) . Later changes in 6b-expressing roots (from 48 to 96 h) consisted of a large increase in root cell size and diameter and a slow but stable longitudinal root growth (Gr emillon et al., 2004; Cl ement et al., 2007) . These later stages still remain to be analysed with the iRoCS Toolbox.
The P3 shift in 6b roots is not caused by the retention of sucrose in the shoots, as shown by the lack of a P3 shift in normal roots growing in the dark on medium with sucrose. However, the abnormal presence of large amounts of starch in 6b roots suggests that sucrose is taken up from the medium and accumulated to excessive levels and could be the cause of the anatomical modifications. This aspect might be further investigated, for example by using tobacco plants with modified sucrose uptake properties. Remarkably, in spite of drastic changes in root development on medium with sucrose, the 6b root meristem continues to function, leading to slow but constant root growth.
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
Seeds of the Nicotiana tabacum Samsun nn (n: recessive allele of the TMV resistance gene N) dex-T-6b transformant line 17.1 (a homozygous single T-DNA copy line, Gr emillon et al., 2004; Cl ement et al., 2006 Cl ement et al., , 2007 were used in the experiments. Seeds were surface-sterilized in 0.2% NaClO 4 and sown on square Petri dishes containing the T39 medium (supplemented with 2% sucrose) optimized for root growth (Pasternak et al., 1999) and 1% w/v agar (Roth, http://www.carlroth.com). Dishes were kept at room temperature for 4 h before transfer to 4°C for 12 h and then transferred to 25°C under a 16 h/8 h light/dark cycle conditions with a light intensity of 80 lmol m À2 sec
À1
. Next, 5-6 day-old seedlings were transferred to fresh T39 medium supplemented with 4 lM dexamethasone (DEX). Plates were scanned using a Canon F950 scanner (http://www.canon.com) at 24 h intervals. Root length was measured using ImageJ software (https://imagej. nih.gov/ij/). Details of the root structures were monitored with a Zeiss Stemi SV11 APO microscope.
Nucleus/EdU detection
For detection, 5-6-day-old seedlings were transferred to a 12-well plate with liquid T39 medium (containing vitamins and 2% sucrose) for 12 h for adaptation. Thereafter 4 lM DEX was added at appropriate time points; 10 lM 5-ethynyl-2 0 -deoxyuridine (EdU) was added for 90 min after 0, 22.5 and 46.5 h of DEX treatment. Shorter labeling times (30-40 min) showed full labeling in the outer layers but did not allow EdU penetration into the deeper cell layers. Longer labeling times (up to 4 h) showed EdU labeling of cells in mitosis. We therefore considered a 90 min labeling time to be optimal. Plants were fixed in 4% formaldehyde in microtubule stabilization buffer (MTSB; Pasternak et al., 2015) for 60 min. EdU was detected according to the manufacturer's manual with modifications as described in Pasternak et al. (2015) . After EdU detection, roots were washed twice with distilled water for 10 min, incubated in 200 lg L À1 4 0 ,6-diamidino-2-phenylindole (DAPI) for 20 min, washed again with distilled water and mounted on slides with a 250 lm spacer using mounting medium (DAPI GOLD reagent; Thermo Fisher Scientific Inc., Waltham, MA, USA).
Cell wall staining
Polysaccharide/starch detection was adapted from that of Truernit et al. (2008) as follows. Plants were fixed in 4% formaldehyde, treated with warm (60°C) CH 3 OH for 20 min with further gradual re-hydration and stored in water at 4°C until use. The seedlings were incubated for 30 min in 1% periodic acid at room temperature. After another rinse in water, the seedlings were incubated in 100 mM sodium metabisulphite and 0.15 N HCl, 0.1 mg ml À1 propidium iodide (pH 1.5) at 4°C for 2 h. The samples were then rinsed in water, and glycerol was gradually added until a final concentration of 25% was reached. Thereafter roots were cleared in chloral hydrate (80 g chloral hydrate in 27 mL H 2 O and 3 ml glycerol) for 3 h. Finally, the samples were mounted on slides with a 250-lm spacer with chloral hydrate as mounting medium.
Double labeling
For double labeling of cell walls and nuclei, Calcofluor White and propidium iodide were used as described previously (Pasternak et al., 2015) .
Confocal imaging recording
DAPI/EdU-stained samples were recorded using a confocal laser scanning microscope (ZEISS LSM 510 META NLO) with a LD LCIPlan-Apochromat 259/0.8 DIC Imm Korr objective. For the DAPI excitation, a 740 nm Chameleon laser was used and emission detected with a band pass filter (BP 390-465 IR); EdU excitation was at 488 nm and emission detected with a band pass filter (BP 500-550 IR). Serial optical sections were reconstituted into 3D image stacks to a depth of 250 lm with in-plane (x-y) voxel extents of 0.15 and 0.9 lm section spacing (z). Two or three overlapping images (tiles) were recorded for each root.
PI-stained roots were recorded using a confocal laser scanning microscope (ZEISS LSM 510 META NLO) with a LD LCI-Plan-Apochromat 259/0.8 DIC Imm Korr objective with glycerol as immersion medium. Excitation wavelength was 543 nm and emission was detected with a long pass filter (LP560). Serial optical sections were reconstituted into 3D image stacks to a depth of 250 lm with in-plane voxel extents of 0.15 lm and a section spacing of 0.9 lm in the z-direction.
Image processing and analysis
Images were converted to hdf5 format and then stitched to a length of 900-1200 lm from the center of the distal part of the quiescent center (dQC) using xuvTools (Emmenlauer et al., 2009) . Representative roots for each treatment (based on inspection of median sections of at least 10 roots for each treatment) were chosen for annotation. Nuclei and the dQC were manually annotated using the iRoCS Toolbox and the coordinate system automatically attached to the root recording. For further analysis in Microsoft Excel TM the annotations were exported to.csv. Cell numbers for different tissue types were calculated after sorting the nuclei in the.csv files by cell type, starting from the nucleus closest to the dQC up to the last nucleus before the start of cell elongation. For the calculation of EdU and mitotic indexes, roots were virtually divided into 50-lm sections, the numbers of EdUpositive and mitotic cells were counted for each section, normalized per total number of cells in the section and used to calculate indexes.
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Additional Supporting Information may be found in the online version of this article. Figure S1 . Confocal images of tobacco roots used for iRoCS analysis. Figure S2 . Each tobacco epidermal cell file produces root hairs. Figure S3 . Cellular structure of tomato root as shown by crosssection, median section and cell labeling. Figure S4 . Growth and morphology of normal and 6b roots. Figure S5 . Radial distribution of different root cell types along the longitudinal axis. Figure S6 . Periclinal P3 division in normal roots grown in the dark. Figure S7 . Starch accumulation in 6b roots.
